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Abstract 24 

A remarkably well-preserved, almost completely articulated new specimen (GP/2E 9266) 25 

of Tupandactylus navigans is here described for the Lower Cretaceous Crato Formation 26 

of Brazil. The new specimen comprises an almost complete skeleton with remarkable 27 

preservation of soft tissues associated with both the skull and post-cranium, which makes 28 

it the most complete Brazilian tapejarid known thus far. CT-Scanning was performed to 29 

allow the assessment of bones still covered by sediment. The specimen can be assigned 30 

to T. navigans due to its vertical supra premaxillary bony process and short and rounded 31 

parietal crest. It also bears the largest dentary crest among Tapejarine pterosaurs and a 32 

notarium, which is absent in other members of the clade. The new specimen is a subadult 33 

individual with overall similar cranial proportions as Tupandactylus imperator. This is 34 

the first time the postcranial remains of T. navigans are described, being also an 35 

unprecedented record of an articulated tapejarid skeleton from the Araripe Basin. 36 

Key words: Pterosauria, Pterodactyloidea, Tapejaridae, Tupandactylus navigans, Lower 37 

Cretaceous, Santana Group 38 

 39 

Introduction 40 

The pterosaur clade Tapejaridae was a major component of Lower Cretaceous continental 41 

faunas, achieving a widespread distribution in Gondwana and Eurasia (e.g. [1-3]). 42 

Tapejarids are characteristic for their edentulous jaws, often huge cranial crests, and for 43 

sometimes being associated with herbivorous feeding habits [1-2]. In Brazil, tapejarids 44 

are among the most abundant and diverse pterosaur taxa, being recovered from the Crato 45 

and Romualdo Lagerstätten (Araripe Basin, Northeastern part of the country) and from 46 

the desertic environments of the Goiô-Erê Formation (Paraná Basin, Southern Brazil) [4]. 47 

Вычеркивание
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Most Brazilian tapejarids are known from isolate skulls or partial skeletons, with the 48 

exceptions of Caiuajara dobruskii and Tapejara wellnhoferi, from which several 49 

disarticulated specimens were recovered [4-5]. Up to now, the most complete tapejarid 50 

specimens were found in the Lower Cretaceous of China [6], but their anatomy has not 51 

yet been described in detail. 52 

The genus Tupandactylus, perhaps the most impressive tapejarid known thus far due to 53 

its large soft-tissue sagittal crest, is comparatively abundant in Crato Formation 54 

limestones, with several specimens deposited in public and private collections (e.g. [7-55 

9]). However, both Tupandactylus species — T. imperator [7] and T. navigans [8] — are 56 

known solely from isolated skulls [9].  57 

Because the typical Crato Formation preservation hinders a complete preparation and 58 

isolation of bones, most pterosaur specimens from this unit were described using solely 59 

their superficially exposed features. Here we describe a nearly complete, almost fully 60 

articulated T. navigans skeleton (GP/2E 9266) with aid of CT-Scanning. The specimen 61 

was intercepted during a police raid at Santos Harbour, São Paulo State, and confiscated 62 

together with several other exceptionally well-preserved fossils now housed at 63 

Universidade de São Paulo (USP). Apart from presenting the first postcranial material 64 

unambiguously assigned to Tupandactylus, the new specimen is indeed the best-65 

preserved tapejarid skeleton known thus far, shedding new light on the anatomic 66 

information for this pterodactyloid clade. 67 

 68 

Geological Setting 69 

Specimen GP/2E 9266 is preserved in six perfectly complementary yellowish limestone 70 

slabs, which fit together by rectilinear cuts. The cutting pattern reflects a typical procedure 71 

of quarryman to extract paving stones from Crato Formation outcrops. Albeit the exact 72 



 

 

locality and horizon from where GP/2E 9266 was recovered are unknown, we secure its 73 

provenance from Crato Formation for two main reasons: first of all, the lithology of the 74 

embedding matrix perfectly fits the biomicritic laminated limestone beds of Crato 75 

Formation, being commercial exploitation a common practice in those deposits; secondly, 76 

all Tupandactylus navigans specimens previously reported come from Crato Fm. 77 

outcrops [8]. Among the sedimentary fill of the Araripe Basin (Northeastern Brazil), the 78 

Crato Formation rivals the younger Romualdo Formation in abundance and exceptional 79 

preservation of their fossil yielding. Regarded as Aptian in age, the Crato Fm. crops out 80 

following a mainly N-SE belt in the northern scarps of the Araripe plateau [10]. The 81 

genesis of Crato Formation laminated limestones is presumably related to authigenic 82 

carbonate precipitation and deposition following seasonal phytoplankton blooms or 83 

seasonal salinity fluctuations caused by evaporation [11-12]. Crato Formation carbonates 84 

were deposited in a quiet and protected environment, presenting evidence of strong 85 

chemocline, especially concerning salinity and oxygen concentration. The abundance of 86 

freshwater parautochthonous fauna (as Ephemeroptera larvae and anurans) in association 87 

to halite pseudomorphs indicates fresh shallow waters above an at least episodic 88 

hypersaline bottom. Similarly, the absence of benthic fauna and bioturbated sediments 89 

indicate that deep waters were anoxic [11-13]. 90 

Materials and Methods 91 

Material 92 

The specimen is housed at Laboratório de Paleontologia Sistemática of the Instituto de 93 

Geociências at Universidade de São Paulo (São Paulo, Brazil) under the collection 94 

number GP/2E 9266. It is preserved in six limestone slabs, four large square-cut plates 95 

comprising most the skeletal elements and soft-tissue crest (slabs 1 to 4, from upper left 96 

to bottom right), and two smaller rectangular-cut ones (slabs 5 and 6, bottom left to right). 97 

Вычеркивание
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When joint together these slabs perfectly tie all parts and the bones that had their pieces 98 

separated by these cuts. The specimen presents exquisite preservation of soft-tissue 99 

elements, and most of the preparation was done before its acquisition. Both left square-100 

cut slabs (slabs 1 and 3) have been broken and were then rejoined with thin metal bars 101 

before the acquisition of the material. The preserved skeletal elements show different 102 

degrees taphonomic distortion (Table 1). 103 

 104 

Table 1 – Tupandactylus navigans GP/2E 9266 preserved elements with comments 105 

on the preservation. 106 

Bone(s) State of preservation Comments 

Cranial bones 

Varies, mainly laterally 

compressed 

Most bones preserved; 

premaxillomaxilla divided in slabs 1 

and 3; parietal crest fragmented 

Mandible Laterally compressed 

Right mandibular ramus ventrally 

deflected 

Hyoids 

Preserved with minor 

distortion 

Three ceratobranchials 

Non-ossified 

tissue 

Impression 

Rhamphotheca present; sagittal crest 

divided into slabs 1, 2 and 3; dorsalmost 

margin of sagittal crest missing 

Cervical 

vertebrae 

Preserved with minor 

distortion 

Nine cervical vertebrae preserved; 

atlantoaxis fused; cervical vertebrae 8 

and 9 divided into slabs 3 and 4 

Notarium Laterally compressed 

Composed by five dorsal vertebrae; left 

surface weathered 



 

 

Dorsal vertebrae Laterally compressed 

Five free dorsal vertebrae; left surface 

weathered 

Sacral vertebrae Laterally compressed 

Five fused sacral vertebrae; greatly 

weathered 

Caudal 

vertebrae 

Preserved with minor 

distortion 

Five caudal vertebrae preserved 

Dorsal ribs 

Preserved with minor 

distortion 

Nine dorsal ribs preserved; mainly 

fragmented 

Scapulocoracoid 

(l) 

Preserved with minor 

distortion 

- 

Scapulocoracoid 

(r) 

Preserved with minor 

distortion 

Divided into slabs 3 and 4 

Sternum 

Dorsoventrally 

compressed 

Divided into slabs 3 and 4 

Sacrum (l) 

Preserved with minor 

distortion 

Missing prepubis 

Humerus (l) 

Dorsoventrally 

compressed 

Divided into slabs 4 and 6; highly 

flattened 

Humerus (r) 

Preserved with minor 

distortion 

- 

Ulna (l) 

Dorsoventrally 

compressed 

Divided into slabs 4 and 6; highly 

flattened 

Ulna (r) 

Dorsoventrally 

compressed 

Proximally retains its form 



 

 

Radius (l) 

Dorsoventrally 

compressed 

Divided into slabs 4 and 6; highly 

flattened 

Radius (r) 

Dorsoventrally 

compressed 

Flattened 

Carpals (l) 

Preserved with minor 

distortion 

3 carpal elements preserved 

Carpals (r) Laterally compressed 3 carpal elements and pteroid preserved 

Metacarpals I-

III (l) 

Preserved with minor 

distortion 

Distally articulated 

Metacarpals I-

III (r) 

Preserved with minor 

distortion 

Proximally articulated 

Metacarpal IV 

(l) 

Dorsoventrally 

compressed 

Missing distal articulation surface 

Metacarpal IV 

(r) 

Dorsoventrally 

compressed 

Divided into slabs 3 and 4 

Manus (l) 

Preserved with minor 

distortion 

Articulated elements; complete 

Manus (r) 

Preserved with minor 

distortion 

Disarticulated elements, divided into 

slabs 3 and 4 

Wing phalanxes 

(l) 

Preserved with minor 

distortion 

Articulated elements; divided into slabs 

3, 4 and 5; missing fourth wing phalanx 

Wing phalanxes 

(r) 

Preserved with minor 

distortion 

Articulated elements; minor fractures 

Femur (l) Laterally compressed 

Missing femoral head; distally retains 

its form 



 

 

Femur (r) 

Preserved with minor 

distortion 

- 

Tibia and fibula 

(l) 

Laterally compressed - 

Tibia and fibula 

(r) 

Laterally compressed Distally retains its form 

Tarsals (l) 

Preserved with minor 

distortion 

Three elements preserved 

Tarsals (r) 

Preserved with minor 

distortion 

Three elements preserved 

Metatarsals (l) 

Preserved with minor 

distortion 

Four elements preserved; fifth 

metatarsal absent, divided into slabs 4 

and 6 

Metatarsals (r) 

Preserved with minor 

distortion 

Four elements preserved; fifth 

metatarsal absent 

Pes (l) 

Preserved with minor 

distortion 

Articulated elements; complete 

Pes (r) 

Preserved with minor 

distortion 

Disarticulated elements; missing distal 

phalanx and unguals 

 107 

Phylogenetic Analysis 108 

The phylogenetic position of GP/2E 9266 was accessed using the character-taxon matrix 109 

of [14] with 64 taxa (including the new specimen) and 150 discrete characters 110 

(supplementary data 1). Parsimony analyses were performed using TNT v. 1.5 Traditional 111 

Search algorithm (Tree Analysis Using New Technology; [15]), with Wagner trees builds 112 

Выделение
Phylogenetic position of the specimen is a nonsence. Phylogenetic relationships are between the taxa, not between the specimens. Is "phylogenetic position" of this specimen is different from that of T. navigans?



 

 

followed by tree bisection reconnection (TBR), and branch swapping with a hold of 20 113 

and 1,000 replicates, random seed and collapsing trees after the search. Specimen GP/2E 114 

9266 is labelled as T. navigans in the analysis. 115 

Computed Tomography (CT) Scanning 116 

The X-ray CT-Scanning was made at Hospital Universitário, Universidade de São Paulo 117 

(São Paulo, Brazil), using a Philipp Brilliance 64 medical tomograph. The voxel size of 118 

the data is 0.976 mm, with an overlap of 0.33 mm. Resulting tomographic slices were 119 

treated and segmented using AVIZO 9.2. The scan stack was upscaled to twice its initial 120 

volume using the Resample module and segmented with the brush tool. The generated 121 

meshes were smoothed in Blender 2.9 using Laplacian Smooth and Remesh modifiers, 122 

and the rendered images were treated in Adobe Photoshop CC 21.1.1. 123 

Institutional abbreviations 124 

AMNH, American Museum of Natural History (New York, USA); CAD, CPCA, Centro 125 

de Pesquisas Paleontológicas da Chapada do Araripe (Departamento Nacional de 126 

Produção Mineral, Crato, Brazil); GP/2E, Laboratório de Paleontologia Sistemática do 127 

Instituto de Geociências da Universidade de São Paulo (São Paulo, Brazil); IMCF, Iwaki 128 

Coal and Fossil Museum (Iwaki, Japan); MCT, Museu de Ciências da Terra 129 

(Departamento Nacional de Produção Mineral, Rio de Janeiro, Brazil); MN, Museu 130 

Nacional (Rio de Janeiro, Brazil); MPSC, Museu de Paleontologia (Santana do Cariri, 131 

Brazil); NSM, National Science Museum (Tokyo, Japan); SMNK, Staatliches 132 

Museum für Naturkunde (Karlsruhe, Germany); YPM, Yale Peabody Museum of Natural 133 

History (New Haven, USA); ZIN, Zoological Institute of the Russian Academy of 134 

Sciences (Saint Petersburg, Russia)   135 

Записка
It is quite logical if you refer this specimen to T. navigans and no need to mention it here. Perhaps should be noted that scoring of T. navigans in the analysis is based mostly on this specimen (if there are no scorings different from the holotype).



 

 

Results 136 

Systematic Palaeontology 137 

Pterosauria [16] 138 

Pterodactyloidea [17] 139 

Tapejaridae [18] 140 

Tapejarinae [1] 141 

Tupandactylus [1] 142 

Tupandactylus navigans ([8]) 143 

 144 

Horizon and locality. Crato Formation, Santana Group, Araripe Basin, NE-Brazil. 145 

Lower Cretaceous (Albian). Exact locality undetermined. 146 

Material. GP/2E 9266, an almost complete skeleton with associated soft tissue remains 147 

(Table 1; Fig. 1). 148 

Figure 01 – Tupandactylus navigans GP/2E 9266.  149 

Photo of specimen (A); 3D model of specimen (B). Abbreviations: atax, atlas-axis 150 

complex; cav, caudal vertebrae; cv, cervical vertebrae; d4, digit four; dc, dentary crest; 151 

dov, dorsal vertebrae; f, femur; hu, humerus; il, ilium; isc, ischium; ma, manus; mc, 152 

metacarpal; naof, nasoantorbital fenestra; not, notarium; p, pubis; pe, pes; pmc, 153 

premaxillary crest; pt, pteroid; rad, radius; sac, sacral vertebrae; sc, scapulocoracoid; 154 

spmp, supra-premaxilar bony process; st, sternum; tar, tarsals; tf, tibiofibula; ul, ulna. 155 

Scale bar = 50 mm. 156 

Revised diagnosis. Tupandactylus navigans can be distinguished from other tapejarid 157 

pterosaurs by 1) the autapomorphies from [8]: premaxillomaxilla concave anteriorly; a 158 

striated premaxillary crest; supra-premaxillary bony process perpendicular to the long 159 

axis of the skull; parietal crest short and rounded; 2) the emended diagnosis: anteriorly 160 



 

 

deflected expansion of premaxillary crest; deep and blade-shaped dentary crest with 161 

subvertical posterior margin; lateral surfaces of cervical vertebrae postzygapophyses with 162 

longitudinal grooves. 3) The phylogenetic analysis recovered two autapomorphies: 163 

presence of a notarium; humeral length less than 80% of femoral length. 164 

Description and Comparisons 165 

Generalities 166 

The skull (Table 2; Fig. 2-5) is exposed in left lateral profile, revealing most elements of 167 

its antorbital portion and parts of the temporal and occipital portions. The skull bears a 168 

notably well-preserved soft-tissue crest that considerably extends dorsally but does not 169 

prolong caudally beyond the occiput. The palatal (Fig. 2B) and most the occipital regions 170 

(Fig. 3) of the skull are covered by sediment and could only be assessed through CT data. 171 

The skull articulates with an edentulous lower jaw, which bears a well-pronounced, 172 

anteriorly positioned dentary crest. At the anterior part of the premaxillomaxillae and 173 

dentaries, remnants of a keratinous rhamphotheca form narrow patches of soft tissue that 174 

extend over the bony limits of the rostrum.  175 

Table 2 – Tupandactylus navigans GP/2E 9266 cranium measurements. 176 

Bone Comments 

Measurement 

(mm) 

Cranium Length from tip of premaxilla to squamosal 286.7 

Cranium Height at the quadrates 88.9 

Cranium 

Maximum height from dorsalmost tip of 

sagittal crest to ventral margin of the skull 

522.3 

Rostrum 

Length from tip of premaxilla to anterior of 

nasoantorbital fenestra 

74.4 

Выделение
this character is related to ontogenetic maturity. It is unwise to cite it in diagnosis, especially when the postcranial anatomy is poorly known for Tapejaridae.



 

 

Rostrum 

Height of the anteriormost point of the 

nasoantorbital fenestra 

28.9 

Rostrum Height anterior to nasoantorbital fenestra 161.1 

Rostrum 

Ventral deflection angle relative to ventral 

margin of the skull 

151º 

Rostral Value RV ratio sensu Kellner 2010; 2017 2.57 

Rostral Index RI ratio sensu Martill & Naish, 2006 0.46 

Premaxillomaxilla Length from tip to jugal 207.9 

Supra-premaxillary 

process 

Preserved height 137.4 

Sagittal crest 

Anterior margin height from dorsal tip of 

premaxillary crest 

342.9 

Sagittal crest 

Maximum height from dorsalmost tip of 

sagittal crest to dorsal margin of the skull 

470.9 

Nasoantorbital 

fenestra 

Anteroposterior length 129.8 

Nasoantorbital 

fenestra 

Dorsoventral height 64.6 

Jugal (l) Maxillary process length 40.5 

Jugal (l) Lacrimal process length 31.8 

Jugal (l) Postorbital process length 51.0 

Jugal (l) 

Inclination angle of lacrimal process relative to 

ventral margin of the skull 

101º 

Jugal (l) 

Inclination angle of postorbital process relative 

to ventral margin of the skull 

140º 



 

 

Jugal (l) 

Inclination angle of quadrate process relative 

to ventral margin of the skull 

151º 

Quadrate (l) 

Inclination angle relative to ventral margin of 

the skull 

148º 

Mandible 

Length from tip of dentary to retroarticular 

process 

229.6 

Mandible 

Ventral deflection angle relative to dorsal 

margin of the mandible 

168º 

Symphysis 

Length from tip of dentary to the posterior 

margin of the symphysis 

94.1 

Mandible Rami separation angle 20º 

Mandible Mid-shaft height 16.4 

Mandible Mid-shaft width 4.1 

Dentary Crest Anteroposterior length 103.3 

Dentary Crest Dorsoventral height 87.1 

Dentary Crest DCH/MRH ratio sensu Vullo et al., 2012 5.31 

Dentary Crest 

Angle between posterior margin of dentary 

crest to rami 

91º 

Hyoid Max preserved length 119.3 
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Virtually the entire vertebral series is present (Table 3; Fig 6-8), including the atlas/axis 178 

complex and some caudal elements. Most vertebrae are in anatomical position, being 179 

preserved in left lateral view. The caudal series, however, is slightly displaced and it is 180 

not clear whether its elements are rotated in their longitudinal axes. The cervical series is 181 

well preserved, but the centra of some elements are laterally crushed. On the other hand, 182 



 

 

most dorsal vertebrae are strongly weathered, so that their external bone layers are 183 

indistinguishable, exposing chunks of trabecular bone. Nine free vertebrae are present 184 

anterior to the notarium, with vertebrae I and II fused forming the atlas/axis complex. 185 

Five mid-cervical vertebrae are comparatively long anteroposteriorly, in the typical 186 

condition displayed by cervical elements of azhdarchoids. Together with the atlas/axis 187 

complex, which is partially covered by the skull, these are here regarded as typical 188 

cervicals. Cervical vertebrae 7 to 9 share several features with dorsal elements and are 189 

here considered as cervicalized dorsal vertebrae. The large size of individual cervicals 190 

makes the cervical series comparable in size with the sum of the lengths of the dorsal and 191 

sacral series. As preserved, some mid-cervicals and anterior dorsals are partially covered 192 

by forelimb elements. For practical reasons, all pre-notarial free elements are considered 193 

as cervical vertebrae on the description below. The five anteriormost dorsals constitute 194 

the notarium. Besides post-notarial free dorsal vertebrae, five posterior elements of the 195 

dorsal series are fused incorporating the synsacrum. A large sternum (Fig. 9) is also 196 

preserved as a plate-like bone just below the vertebral column.  197 

Table 3 - Tupandactylus navigans GP/2E 9266 axial skeleton measurements. 198 

Bone Comments 

Measurement 

(mm) 

Atlantoaxis Centrum length 21.7 

Atlantoaxis Dorsoventral height 40.3 

Atlantoaxis Centrum width 12.7 

Cervical Vertebra 

3 

Centrum length 38.2 

Cervical Vertebra 

3 

Dorsoventral height 21.1 



 

 

Cervical Vertebra 

3 

Centrum width 27.0 

Cervical Vertebra 

4 

Centrum length 49.9 

Cervical Vertebra 

4 

Dorsoventral height 21.5 

Cervical Vertebra 

4 

Centrum width 16.6 

Cervical Vertebra 

5 

Centrum length 46.7 

Cervical Vertebra 

5 

Dorsoventral height 21.7 

Cervical Vertebra 

5 

Centrum width 15.3 

Cervical Vertebra 

6 

Centrum length 52.0 

Cervical Vertebra 

6 

Dorsoventral height 24.7 

Cervical Vertebra 

6 

Centrum width 10.3 

Cervical Vertebra 

7 

Centrum length 45.4 

Cervical Vertebra 

7 

Dorsoventral height 27.6 



 

 

Cervical Vertebra 

8 

Centrum length 40.2 

Cervical Vertebra 

8 

Dorsoventral height 24.8 

Cervical Vertebra 

9 

Centrum length 23.7 

Cervical 

Vertebrae 

Cervical vertebrae total length 317.8 

Dorsal Vertebrae 

Free dorsal vertebrae centrum average 

length 

14.2 

Dorsal Vertebrae 

Free dorsal vertebrae centrum average 

width 

15.2 

Dorsal Vertebrae Dorsal and sacral vertebrae total length 211.9 

Caudal Vertebrae Caudal vertebrae total length 34.1 

Sternum Anteroposterior length 132.2 

 199 

Fore and hind limbs (Tables 4; Fig 10-13) are disarticulated from their girdles, but their 200 

elements remain in articulation with each other, preserving even complete autopodia. The 201 

wingspan is estimated to reach 2.6 m (measured by the length of preserved forelimb and 202 

pectoral girdle elements in anatomical position). To account for the fusion of the skeleton 203 

(i.e., sacrum, the proximal extensor processes of the first wing phalanges and the fusion 204 

of the notarium), GP/2E 9266 is here interpreted as a subadult individual. 205 

Table 4 - Tupandactylus navigans GP/2E 9266 appendicular skeleton measurements 206 

Bone Comments Measurement (mm) 



 

 

Scapula Length 130.5 (l); 132.4 (r) 

Scapula Mid-shaft diameter 8.0 (l); 10.8 (r) 

Coracoid Length 83.5 (l); 86.8 (r) 

Coracoid Mid-shaft diameter 8.5 (l); 5.8 (r) 

Humerus Length 125.5 (l); 131.0 (r) 

Humerus Mid-shaft diameter 15.5 (l); 19.5 (r) 

Humerus Deltopectoral length 22.5 (l); 25.8 (r) 

Humerus Deltopectoral width 39.9 (l); 30.6 (r) 

Ulna Length 186.1 (l); 188.1 (r) 

Ulna Mid-shaft diameter 13.7 (l); 16.6 (r) 

Radius Length 180.6 (l); 184.1 (r) 

Radius Mid-shaft diameter 10.1 (l); 9.42 (r) 

Pteroid Length 97.0 (r) 

Metacarpals 1-3 Max length 82.1 (l); 60.8 (r) 

Metacarpal 4 Length 183.9 (l); 181.7 (r) 

Metacarpal 4 Mid-shaft diameter 18.5 (l); 16.5 (r) 

Manual Phalanx 1 (r) Length 25.6 (d1); 15.7 (d2); 27.6 (d3) 

Manual Phalanx 2 (r) Length 24.6 (d2); 4.6 (d3) 

Manual Phalanx 3 (r) Length 24.4 (d3) 

Manual Unguals (r) Length 27.3 (d1); 24.5 (d2); 26.4 (d3) 

Manual Unguals (r) Max depth 11.2 (d1); 10.1 (d2); 9.3 (d3) 

Wing phalanx 1 Length 317.5 (l); 304.0 (r) 

Wing phalanx 1 Mid-shaft diameter 10.5 (l); 12.2 (r) 

Wing phalanx 2 Length 193.1 (l); 196.1 (r) 

Wing phalanx 2 Mid-shaft diameter 7.1 (l); 6.5 (r) 



 

 

Wing phalanx 3 Length 123.1 (l); 129.9 (r) 

Wing phalanx 3 Mid-shaft diameter 4.1 (l); 4.2 (r) 

Wing phalanx 4 Length 39.3 (l) 

Wing phalanx 4 Mid-shaft diameter 2.6 (l) 

Ilium Preacetabular length 78.3 (l) 

Ilium 

Postacetabular process 

length 

44.3 (l) 

Pubis Depth 26.2 (l) 

Femur Length 167.9 (l); 163.1 (r) 

Femur Mid-shaft diameter 14.2 (l); 13.6 (r) 

Femur 

Angle between head and 

shaft 

46º (r) 

Tibia Length 246.2 (l); 248.8 (r) 

Tibia Mid-shaft diameter 11.7 (l); 10.6 (r) 

Fibula Length 74.2 (l); 67.2 (r) 

Metatarsals (l) Length 

35.8 (d1); 44.9 (d2); 47.2 (d3); 

46.3 (d4) 

Metatarsals (l) Width 

2.6 (d1); 2.4 (d2); 2.5 (d3); 3.0 

(d4) 

Pes Phalanx 1 (l) Length 

19.2 (d1); 6.4 (d2); 8.5 (d3); 

9.4 (d4) 

Pes Phalanx 2 (l) Length 16.5 (d2); 3.5 (d3); 5.4 (d4) 

Pes Phalanx 3 (l) Length 14.1 (d3); 11.9 (d4) 

Pes Unguals (l) Length 

11.6 (d1); 14.1 (d2); 12.2 (d3); 

10.7 (d4) 



 

 

Pes Unguals (l) Max depth 

4.2 (d1); 4.7 (d2); 5.5 (d3); 5.1 

(d4) 
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Skull 208 

Premaxillomaxilla 209 

It is not possible to distinguish the premaxilla from the maxilla, as there is no visible 210 

suture between these elements. This is a common feature in pterosaurs and was previously 211 

observed in other tapejarids [9; 18-19]. The premaxillomaxillae are slightly concave 212 

anteriorly, forming a sharp, ventrally oriented rostrum, and extending dorsally to form 213 

the premaxillary crest. A sharp rostral tip is commonly observed in tapejarine tapejarids 214 

(e.g., Tapejara wellnhoferi, Tupandactylus, Caiuajara dobruskii, Sinopterus dongi [20], 215 

Europejara olcadesorum [2], and Eopteranodon lii [21]). The Rostral Value of GP/2E 216 

9266 (as measured from the tip of the premaxillomaxillae to the anterior margin of the 217 

nasoantorbital fenestrae [22-23]) is 2.57, an intermediate value when compared with 218 

Chinese tapejarids (ranging from 1.76 in "Huaxiapterus jii" [19] to 4.05 in  Sinopterus 219 

lingyuanensis [6; 24]). The rostral index (RI sensu [25]) of GP/2E 9266 is 0.46, differing 220 

from those of the holotype (SMNK PAL 2344) and a referred specimen (SMNK PAL 221 

2343) of T. navigans (0.65 and 0.6, respectively), due to the premaxillary crest expansion.  222 

Low RI values are reported for short rostra, contrary to the condition found in long-jawed 223 

pterosaurs, such as azhdarchids (RI values, 4.36 - 7.33). GP/2E 9266 shares with other 224 

tapejarines a downturned anterior end of the rostrum, with a slope of 151º (Fig. 2A). A 225 

short and ventrally deflected rostrum is synapomorphic of tapejarine tapejarids [1].  226 

 227 



 

 

Figure 02 – Tupandactylus navigans GP/2E 9266 skull.  228 

3D model in left lateral view (A); palatal view (B). Abbreviations: ec, ectopterygoid; fp, 229 

frontoparietal; j, jugal; la, lacrimal; m, maxilla; n, nasal; or, orbit; pl, palatine; pm, 230 

premaxilla; po, postorbital; pty, pterygoid; q, quadrate; spmp, supra-premaxilllary bony 231 

process; sq, squamosal. Scale bars = 50 mm. 232 

 233 

The premaxillomaxillae are posteriorly concave, delimitating the roughly semi-circular 234 

anterior margin of the nasoantorbital fenestrae. The maxillae extend posteriorly as thin 235 

horizontal plates, reaching the jugals below the orbits and forming the ventral margins of 236 

the nasoantorbital fenestrae as well as a considerable portion of the palate. Dorsally, the 237 

palates are concave, with maxillary posterolateral processes confining the palatal plate in 238 

a deep concavity. For a discussion on the participation of the maxillae in the pterosaur 239 

palate, see [26-27]. 240 

The presence of a prominent premaxillary crest is shared by all tapejarids. In GP/2E 9266, 241 

the exposed bone component of the premaxillary crest is triangular, with a sharp dorsal 242 

tip, as was previously observed in T. imperator and other T. navigans specimens, differing 243 

from the rounded crest of T. wellnhoferi and the expanded blade of C. dobruskii. 244 

However, CT data revealed that an anteriorly deflected expansion is present at the most 245 

dorsal part of the premaxillary main body (Fig. 2 A), resembling an early ontogenetic 246 

stage of C. dobruskii premaxillary crest [4]. This expansion is covered by sediment and 247 

is possibly also present in the holotype (SMNK PAL 2344). As the remaining 248 

premaxillomaxilla, the premaxillary crest is perforated by foramina and has thin grooves 249 

probably associated with blood vessels.  250 



 

 

The slender and tall supra-premaxillary bony process (Fig. 2A) starts at the dorsal tip of 251 

the main bone component of the premaxillary crest and extends dorsally, delimitating the 252 

anterior margin of the soft tissue crest. This structure is dorsally broken and reaches the 253 

top only as a vestigial groove in GP/2E 9266. A similar bony process is present in T. 254 

imperator. In this later, however the process deflects posteriorly, contrasting with the 255 

perpendicular condition in T. navigans [8-9].    256 

Nasals 257 

The nasals (Fig. 2A) are triangular-shaped bones that delimit the dorsoposterior margin 258 

of the nasoantorbital fenestra. Lateroventrally this bone contacts the lacrimals, and 259 

posteriorly the frontals. Their dorsal limits articulate with the posterodorsal processes of 260 

the premaxillae, which form the anterodorsal and dorsal margins of the nasoantorbital 261 

fenestra. The suture between nasals and premaxillae cannot be established with 262 

confidence. In most tapejarids, this suture seems to be reduced or absent on the lateral 263 

surface of the skull ([28], but see specimen CPCA 3590, described by [9]).  264 

Lacrimals 265 

The lacrimals (Fig. 2A) are very thin bones that limit the nasoantorbital fenestrae 266 

posteriorly and the orbits anteriorly. They are anteriorly perforated by large foramina, 267 

encompassed between their lateral processes and their main rami. In this respect, GP/2E 268 

9266 resembles the condition displayed by C. ybaka and S. dongi, being very different 269 

from the highly perforated lacrimals of T. wellnhoferi.  270 

Frontoparietals 271 

Frontals and parietals (Fig. 2A) are fused and laterally compressed in GP/2E 9266. The 272 

external surface of the left frontoparietal is partially eroded, but its general outline is 273 

preserved. Lateral expansions of the frontals contact the postorbitals and expand laterally 274 

to delimit the dorsal margins of the orbits and the anterior margins of the supratemporal 275 



 

 

fenestrae. The orbits are positioned high in the skull, with their dorsal portion almost at 276 

the same level as the nasoantorbital fenestrae. This is also the condition observed in T. 277 

wellnhoferi, C. dobruskii and T. imperator, but differs from the low orbits of C. ybaka 278 

and thalassodromine tapejarids.  279 

Medially, the parietals compose the inner and posterior margins of the supratemporal 280 

fenestrae. The frontoparietals deflects posterodorsally to form a short and blunt crest that 281 

does not extend posteriorly further than the posterior limits of the squamosals. This differs 282 

from the posteriorly elongated frontoparietal crests of T. wellnhoferi and, especially, T. 283 

imperator.  284 

Jugals 285 

As in other tapejarids (i.e., T. wellnhoferi, C. dobruskii and what was figured for the 286 

holotype of T. navigans SMNK PAL 2344), the jugal is a tetraradiate bone (Fig. 2A). Its 287 

posterior processes participate in both the upper and lower margins of the lower temporal 288 

fenestra. The maxillary process of the jugal delimits the posteroventral margin of the 289 

nasoantorbital fenestra. The lacrimal process is thin and slightly deflected posteriorly, 290 

forming and angle of little more than 90° with respect to the maxillary ramus.  291 

Quadrates 292 

The quadrates are posteriorly inclined in an angle of 148º (Fig. 2A), falling within the 293 

125o-150o range displayed by other tapejarids (e.g., Thalassodromeus sethi ~125o; T. 294 

leonardii ~130o; T. wellnhoferi ~140o; T. imperator ~145o; C. ybaka ~150o) [28]. This 295 

bone is slender medially but forms a deep convex articular surface with the mandible.  296 

Squamosals 297 

The squamosals (Fig. 2A) are broad elements of the temporal region of the skull, forming 298 

the dorsal limits of the infratemporal fenestrae and, together with the postorbitals, the 299 



 

 

lateral surfaces of the supratemporal fenestrae. Anteriorly, they contact postorbitals over 300 

a round and shallow foramen. Squamosal main bodies are broad, with medial flanges that 301 

turns into dorsally and ventrally expanded processes. The dorsal process of each 302 

squamosal is short and slender when compared to the elongate anteroventrally oriented 303 

process. This latter runs parallel to the quadrate, as in T. wellnhoferi [29] and 304 

“Tupuxuara” deliradamus (SMNK PAL 6410, [30]).  305 

Supraoccipital 306 

The supraoccipital (Fig. 3) comprises a considerable part of the occipital area, expanding 307 

from the dorsal margin of the foramen magnum to the posteriormost ventral tip of the 308 

sagittal crest. Its contact surfaces with squamosals, parietals, opisthotics and exoccipitals 309 

are not clear. As in other pterodactyloids, the supraoccipital plate is broad and well 310 

developed [29], medially limiting the posttemporal fenestrae.  311 

 312 

Figure 03 – Tupandactylus navigans GP/2E 9266 skull.  313 

3D model of occipital region of the skull. Abbreviations: bo, basioccipital; bsp, 314 

basisphenoid; fm, foramen magnum; eo, exoccipital; j, jugal; p, parietal crest; pcf, 315 

postcranial fenestra; ptf, posttemporal fenestra; q, quadrate; so, supraoccipital; sq, 316 

squamosal. Scale bar = 50 mm. 317 

 318 

Basioccipital 319 

The occipital condyle (Fig. 3) is broad, with a rounded ventral portion and a straight dorsal 320 

surface. The basioccipital fuses ventrally with the basisphenoid, forming a plate that 321 

encompass most of the ventral area of the occiput. This is also the condition observed in 322 



 

 

T. wellnhoferi [29], being a well-developed basisphenoid plate also observed in C. ybaka 323 

[28]. 324 

Palate 325 

The palatal region is covered by sediment and could only be assessed through CT-326 

Scanning (Fig. 2B). Posteriorly, palatines, pterygoids and basipterygoids are preserved, 327 

all of them displaying a considerable degree of lateral compression. The maxillae are 328 

ventrally fused, forming a palatal plate that extends from the rostrum to level with the 329 

anterior limits of the nasoantorbital fenestrae (see [27]). No foramina could be observed 330 

on the ventral surface of the maxillary plate, though this is probably a consequence of 331 

insufficient resolution of CT data. Similar to what was previously observed in T. 332 

wellnhoferi, the palate of GP/2E 9266 is concave anteriorly (coinciding with the 333 

downslope of the premaxillomaxillae), becoming convex posteriorly. The posterior 334 

convexity follows a discrete lateral expansion of the premaxillomaxillae close to the 335 

anterior margins of the nasoantorbital fenestrae, and makes GP/2E 9266 posterior palate 336 

visible in lateral view. In addition, GP/2E 9266 lacks the deep palatal ridge characteristic 337 

of Tupuxuara leonardii [27; 31-32]. The anterior margins of the choanae are slightly 338 

convex, and the vomers could not be identified.  339 

The palatines apparently form the lateral margins of the choanae and the pterygo-340 

ectopterygoid fenestrae. These bones are slender and anteroposteriorly long. Their 341 

contacts with the pterygoids are not discernible, what is common among azhdarchids [27]. 342 

Ectopterygoids are well developed in GP/2E 9266 and contact the maxillary bar 343 

anteriorly. As in Pteranodon and other azhdarchoids (see [27]), the ectopterygoid crosses 344 

the pterygoids dorsally, with an angle of ~25º with respect to the anterior ramus of the 345 

pterygoid. The contact between ectopterygoid and pterygoid is in the medial process of 346 

the latter. 347 

Вычеркивание

Записка
Pteranodon and other azhdarchoids means that Pteranodon is an azhdarchoid.



 

 

The pterygoids are dorsoventrally thin. The lateral processes of these bones divide the 348 

suborbital fenestrae in two, with an elongated and subtriangular pterygo-ectopterygoid 349 

fenestra anteriorly and an oval, shorter suborbital fenestra posteriorly. Both fenestrae can 350 

be observed laterally in the skull. This same condition was previously reported for T. 351 

leonardii [27].  352 

Mandible 353 

The edentulous lower jaw is complete (Fig. 4) and preserved still in articulation with the 354 

left quadrate. The left mandibular ramus is exposed, while the right mandibular ramus 355 

could be only accessed through CT-Scanning. This ramus is ventrally deflected, probably 356 

reflecting a pre-burial breakage. The symphysis is located on the first half of the 357 

mandible, accounting for 41% of the mandibular length. Tapejarine tapejarids present this 358 

element accounting for less than 50% of total mandibular length, with T. wellnhoferi 359 

bearing the lower value for the symphyseal length relative to the total length of mandible 360 

(38%) [33].  361 

 362 

Figure 04 – Tupandactylus navigans GP/2E 9266 mandible.  363 

3D model in left lateral view (A); dorsal view (B); photograph in left lateral view (C). 364 

Abbreviations: d, dentary; dc, dentary crest; glfo, glenoid fossa; hy, hyoids; mc, medial 365 

cotyle; rapr, retroarticular process; rmp, rhamphotheca; san, surangular; sym, symphysis. 366 

Scale bars = 50 mm. 367 

 368 

The symphysis is slightly downturned anteriorly. Close to the deepest region of the 369 

dentary crest, the dorsal surface of the symphysis projects dorsally, leveling with the 370 

dorsal margins of the mandibular rami. The mandibular rami are laterally compressed, 371 



 

 

being the right element broken and deflected downwards, with minor degree of lateral 372 

distortion. This allows for the measurement of the angle between both rami (~20º). This 373 

angle falls in the range of T. wellnhoferi (24º, based on AMNH 24440) and the 374 

azhdarchoid Jidapterus edentus (20º for the holotype CAD-01; [34]). It is, however, 375 

below the ~30º separated rami of Aymberedactylus cearensis [33]. The preserved 376 

rhamphotheca covers the anterior dorsal concavity of the symphysis, extending ventrally 377 

to encase the anterior border of the dentary crest. 378 

Although suture lines between mandibular bones are hard to determine laterally, the 379 

dentary was probably the largest element, with the characteristic step-like dorsal margin 380 

observed in tapejarines and bearing a deep bony crest. This later extends from the anterior 381 

edge of the mandible to almost its midportion, ending in a straight posterior margin that 382 

forms an angle of about 90º with the long axis of the lower jaw. The mandibular crest 383 

morphology is variable within the Tapejaridae. The ratio between dentary crest height 384 

and the mandibular ramus height (see [2] for DCH/MRH) is 5.3 in GP/2E 9266, the 385 

highest among tapejarines (2.2 in S. dongi; 2.5 in T. wellnhoferi, 3 in T. imperator and 4 386 

in E. olcadesorum). This shows a huge variation even in closely related taxa. In T. 387 

wellnhoferi this crest is shallower and slightly displaced posteriorly, but still does not 388 

surpass the midportion of the jaw (thus smaller in length relative to the condition of GP/2E 389 

9266 and T. imperator) [9]. Sinopterus dongi, Huaxiapterus" corollatus [35] and 390 

"Huaxiapterus" benxiensis [36] bear low, blade-like, but longer dentary crests. The 391 

dentary crest bears shallow grooves that radiate from its centre to its distal margins. This 392 

was first observed for T. imperator (CPCA 3590) and may represent deep vascularization 393 

of this area or simply be related to the keratinous rhamphotheca anchorage. 394 

The mandibular rami are elongated and shallow, with a height/length ratio of 0.071, a 395 

little over A. cearensis and under half the ratio of T. wellnhoferi (0.142). As in T. 396 



 

 

imperator, the retroarticular process is short and blunt, differing from A. cearensis 397 

elongated process.  398 

Hyoid apparatus 399 

The first pair of ossified ceratobranchials is elongated and slender. This element is slightly 400 

bowed medially, with an elevated posterior half as in E. olcadesorum [2]. 401 

Cranial non-ossified tissue 402 

Rhamphotheca 403 

Sheaths of tissue forming a rhamphotheca (Fig. 4C and 5A) cover the anterior and ventral 404 

borders of the premaxillomaxillae, as well as the anterior portion of the dentary 405 

(extending to the ventral dentary crest). These sheaths have already been figured for T. 406 

navigans holotype (SMNK PAL 2344), as well as for a referred specimen (SMNK PAL 407 

2343) of this same taxon [8] and were interpreted as keratinous rhamphotheca. This 408 

structure, whose outline closely matches that of the rostrum of these specimens, has also 409 

been observed in T. imperator [9; 37], and inferred for C. dobruskii due to presence of 410 

abundant lateral and palatal foramina on the external surface of the premaxillomaxillae 411 

[4]. Similar foramina are visible in GP/2E 9266 covering the anterior region of the 412 

premaxillomaxillae.  413 

 414 

Figure 05 – Tupandactylus navigans GP/2E 9266 non-ossified tissue. 415 

Photograph soft-tissue elements. Abbreviations: apex, apical-most point; lrmp, lower jaw 416 

rhamphotheca; sgc, sagittal crest; spmp, supra-premaxillary bony process; trab, trabecular 417 

bone; urmp, upper jaw rhamphotheca. Scale bar = 50 mm. 418 

 419 

Записка
add reference to the figure.



 

 

Sagittal crest 420 

The eye-catching prominent soft-tissue crest (Fig. 5B) exceeds five times the skull height 421 

at its dorsal most preserved point. The crest is formed by the dorsally and anteriorly 422 

striated bones of the premaxillomaxillae, together with a wide portion of soft tissue 423 

sustained anteriorly by the elongated, vertically projected supra-premaxillary process. A 424 

worth mentioning point is that a well-marked range on the inclination of the anterior most 425 

region of this crest is reported for young (~115o) to adult (up to ~90o) individuals in 426 

Caiuajara, which means that this crest would become steeper as the animal grows [4]. 427 

This trend cannot be confirmed for Tupandactylus due to the lack of ontogenetic series 428 

for the genus. However, if we assume this tendency (to be endorsed by further specimens), 429 

it could be suggestive of advanced maturity in individuals with steeper dorsal crests. The 430 

fact that all known T. imperator specimens have caudally oriented crests while bearing 431 

larger skulls than known T. navigans (GP/2E 9266, SMNK PAL 2344 and SMNK PAL 432 

2343) may confirm a posteriorly deflected crest as diagnostic for T. imperator. 433 

The soft-tissue cranial crest can be divided in two regions: a ventral fibrous crest and a 434 

dorsal smooth crest. The sub-parallel vertical pattern of T. navigans fibers [8] differs from 435 

the one observed in T. imperator [9] for the slight anterior orientation (posteriorly 436 

oriented in the latter), with no signs of cross-over. The fibrous crest borders the dorsal 437 

region of the skull, extending from the basis of the supra-premaxillary crest to the 438 

posterior end of frontoparietals. It projects upwards until the transitional region of these 439 

striae into the soft-tissue median crest. This differs from what is reported for T. imperator, 440 

in which fibers contact directly the smooth region of the crest [1; 9]. 441 

The smooth crest is convex posteriorly, with some patches of darker perpendicular tissue 442 

preserved. Those patches are more apparent at the dorsal region of the crest and describe 443 



 

 

a striate pattern. It is worth mentioning that, in GP/2E 9266, this portion of the crest ends 444 

dorsally in a concave notch.  445 

Axial skeleton 446 

Cervical vertebrae 447 

Only the posterior part of the atlas/axis complex (Fig. 6 and 7A) is exposed, as these 448 

elements are partially covered by the squamosal and occipital bones and were only 449 

assessed through CT-Scanning. The axial neural spine has a straight dorsal margin, 450 

similar to what is displayed on Tapejara (SMNK PAL 1137) and Tupuxuara (IMCF 451 

1052). Although the preservation of the atlas-axis complex is rare among the 452 

Pterodactyloidea, in taxa like Pteranodon (YPM 2440), Anhanguera piscator (NSM-PV 453 

19892), Anhanguera sp. (AMNH 22555) and Azhdarcho lancicollis (ZIN PH 105/44) the 454 

axis has a dorsally tapering neural spine terminating in a round surface [38-41]. Atlas and 455 

axis are fused (Fig. 7A), with an intervertebral foramen beneath the atlantal neural arch. 456 

Apart from the neural spine, the neural arch of GP/2E 9266 axis displays a dorsoventrally 457 

deep left postzygapophysis, which is dorsally continuous to a round tubercle. The axial 458 

centrum present well developed postexapophyses, as is visible ventral to the left 459 

prezygapophysis of cervical vertebra 3. 460 

 461 

Figure 06 – Tupandactylus navigans GP/2E 9266 cervical vertebrae.  462 

Abbreviations: atax, atlas-axis complex; cv, cervical vertebrae. Scale bars = 10 mm. 463 

 464 

Figure 07 – Tupandactylus navigans GP/2E 9266 cervical vertebrae.  465 

3D model of atlas/axis complex (A); cervical vertebra 03 (B); cervical vertebra 04 (C); 466 

cervical vertebrae series (D); cervical vertebra 05 (E); cervical vertebra 06 (F); cervical 467 

Записка
it is tapering if the neural spine oriented vertically.



 

 

vertebra 07 (G). From upper left to bottom right: left lateral view, anterior view, posterior 468 

view, dorsal view and ventral view. Abbreviations: ana, atlantal neural arch; atax, atlas-469 

axis complex; ct, cotyle; cv, cervical vertebrae; ep, epipophysis; fo, pneumatic foramina; 470 

nc, neural canal; ns, neural spine; prz, prezygapophysis; pe, postexapophysis; psz, 471 

postzygapophysis. Scale bars = 10 mm. 472 

 473 

Cervical vertebrae 3-6 (Fig. 6 and 7B-G) have proportionally long centra, albeit not 474 

reaching the extreme condition exhibited by azhdarchids. Anteroposterior length of centra 475 

increase towards the posterior midcervical series, reaching its maximum in cervical 6. 476 

Cervicals 7-9 (Fig. 6 and 7D and G) have shorter central length, but this observation is 477 

hindered by the fact that cervical 8 and 9 are poorly preserved. A single small foramen is 478 

present on the lateral surface of the midcervical centra. Lateral pneumatic foramina 479 

commonly pierce the centra of thalassodromine cervicals [42-44]. As an example, large 480 

pneumatic openings of cervicals 2-3 were recognized for a tapejarid specimen (AMNH 481 

22568) by [43]. In contrast, these structures seem to occur more rarely in tapejarines, with 482 

a single small foramen being documented for a midcervical of Tapejara [5] and two for 483 

other tapejarid specimen (MN 4728-V) [43]. Lateral cervical foramina are also rare 484 

among the Azhdarchidae, but were reported for cervical 8 of Azhdarcho lancicollis [41]. 485 

On the other hand, very large foramina in the lateral surface of the centrum are widespread 486 

among pteranodontoids (sensu [45-46]). 487 

The cervical centra are strongly procoelous, as the cotyles extend posteriorly beyond the 488 

postzygapophyses, being easily discernible in lateral aspect. The cotylar region of the 489 

centrum of all elements (including the atlas-axis complex) is laterally expanded, with 490 

well-developed postexapophyses. In these elements the ventral margin of the centrum is 491 

slightly concave. As previously observed, the centra of tapejarine tapejarids cervicals 492 



 

 

display concave ventral edges, whereas thalassodromine tapejarids have cervical centra 493 

with straight ventral margins [43].   494 

As is typical among the Pterodactyloidea, cervical neural arches are laterally swollen. 495 

Despite that the precise spot where the centrum sutures with the neural arch is unclear, a 496 

step-like longitudinal ridge roughly separating both structures in lateral aspect is visible.  497 

The cervical neural arch is spool-shaped in dorsal view, as the pre- and postzygapophyses 498 

consistently diverge laterally from a comparatively constricted midportion. This is a 499 

common feature among dsungaripteroids (sensu [45]), displayed, for instance, by 500 

Pteranodon (YPM 2730; [40]), Anhanguera (AMNH 22555; [38]), Tapejara (SMNK 501 

PAL 1137; [5]) and Tupuxuara (IMCF 1052). Both pre- and postzygapophyses are 502 

prominent and bear wide articular facets. The lateral surfaces of the postzygapophyses 503 

display longitudinal grooves starting near the midpoint of the neural arches and 504 

terminating in an adjacent region to the articular surfaces. These longitudinal grooves are 505 

particularly deep in cervicals 3 and 5 and, to our knowledge, are thus far exclusive for 506 

GP/2E 9266. Epipophyses (sometimes referred as postzygapophyseal tubercles, e.g. [47]) 507 

are conspicuously present in cervicals 3 to 7. Among the postaxial elements of the cervical 508 

series, neural spines are completely exposed in cervicals 3, 4 and 7, with all (excepting 509 

the latter) displaying hatched-shaped neural spines with modestly convex dorsal margins. 510 

Moreover, in both cervicals 3 and 4 the neural spine has an anterodorsally sloping anterior 511 

margin, whereas the posterior one is subvertical. Similar hatched-shaped neural spines 512 

were previously reported for indeterminate thalassodromines and tapejarines (e.g. AMNH 513 

24445, AMNH 22568; [43]) and is also present in Tupuxuara (IMCF 1052). Neural spine 514 

morphology differs sharply in cervical 7, where it assumes an anteroposteriorly long and 515 

dorsoventrally deep rectangular shape. In addition, the neural spine of cervical 7 thickens 516 

dorsally to form a spine table similar to those displayed by anterior (notarial) dorsal 517 



 

 

vertebrae. Cervicals 7, 8 and 9 display anteroposteriorly short centra compared to those 518 

of midcervicals, which indicates a transitional morphology between a typical cervical and 519 

dorsal elements or, as proposed by [40] for Pteranodon, that these are cervicalized dorsal 520 

vertebrae. 521 

Dorsal vertebrae 522 

The dorsal series can be divided into three distinct regions: i) five anterior vertebrae with 523 

dorsally thickened neural spines, forming a notarium (Fig. 8A, C-E), ii) five free mid 524 

dorsals and iii) five synsacral dorsals. Robust transverse processes are visible in dorsals 525 

1, 4 and 5, all three still in association with their corresponding ribs. The neural spines of 526 

the three anteriormost dorsal vertebrae are exceptionally well developed, with subvertical 527 

anterior and concave posterior margins. They are sequentially in very close association 528 

with one another and display transversely thick, spine table-like dorsal ends with the 529 

postzygapophysis fused to the prezygapophysis of the subsequent vertebra, which is 530 

probably due to ossified tendons associated to the notarial ossification. It is worth 531 

mentioning that C. dobruskii does not bear a notarium [4], but this structure was reported 532 

in an indeterminate tapejarid from the Crato Formation (MN 6588-V). 533 

 534 

Figure 08 – Tupandactylus navigans GP/2E 9266 dorsal vertebrae and ribs.  535 

3D model of notarium in dorsal view (A); dorsal vertebra 06 in anterior view (B); 536 

notarium in anterior view (C); dorsal vertebrae series in left lateral view (D); photograph 537 

of notarium (E). Abbreviations: ct, cotyle; not, notarium; ns, neural spine; prz; 538 

prezygapophysis; rb, ribs; tpr, transverse process. Scale bar = 20 mm. 539 

 540 



 

 

Very few relevant features were preserved in the mid free dorsals (Fig. 8B and D). They 541 

are anteroposteriorly shorter than cervicals/anterior dorsals, and the better-preserved ones 542 

display tall neural spines that differ from those of the first five vertebrae by the absence 543 

of a thickened spine table and for having concave anterior and posterior margins. Thoracic 544 

vertebrae previously described for T. wellnhoferi (SMNK PAL 1137) display either 545 

neural spines with subvertical anterior and posterior margins, or convex and concave 546 

anterior and posterior margins ([5], Fig. 5).  547 

Synsacral vertebral (Fig. 9A-C and 9D) fusion seems to be similar to that observed in 548 

notarial elements, in which the co-ossification of neural spines results from bundles of 549 

ossified tendons restricted to the dorsal limits of these structures. Poor preservation 550 

prevents an accurate assessment of possible fusion between pre/postzygapophyses and 551 

centra of successive synsacral vertebrae, but it is clear that the synsacrum was formed by 552 

five individual elements. The Crato Formation tapejarid (MN 6588-V) described by [48] 553 

has a similar synsacral configuration as GP/2E 9266.  554 

 555 

Figure 09 - Tupandactylus navigans GP/2E 9266 sacrum and caudal vertebrae.  556 

3D model of sacrum in left lateral view (A); anterior view (B); dorsal view (C); posterior 557 

caudal vertebrae in left lateral view (D); photograph of sacrum (E). Abbreviations: ace, 558 

acetabulum; angp, angular process; anilp, anterior ilium process; il, ilium; isc, ischium; 559 

p, pubis; sac, sacral vertebrae; vilf, ventral ilium fossa; viscf, ventral ischium fossa. Scale 560 

bar = 10 mm. 561 

 562 



 

 

Caudal vertebrae 563 

Five spindle-shaped caudal vertebrae (Fig. 9D) lie in close association with the posterior 564 

elements of the pelvic girdle. They are mainly featureless, not presenting recognizable 565 

processes associated to the neural arch. The two presumably anterior elements are robust, 566 

with their lengths slightly bigger than their width. The posterior caudals are three times 567 

longer than wide (ranging from 5-6.1 mm long x 1.8-2.1 mm wide). It is unlikely that 568 

these five elements represent the whole caudal series, but the poor preservation of caudal 569 

vertebrae in the azhdarchoid fossil record hinders a proper evaluation of vertebral count 570 

for representatives of this clade. 571 

Sternum  572 

The sternum (Fig. 10) is displaced from its anatomical position and exposed in ventral 573 

view. Some appendicular elements overlap both lateral margins of this bone, which is 574 

also partially covered by rock matrix. The sternal plate reveals to be wide and roughly 575 

square-shaped. A large pneumatic foramen pierces the dorsal surface of the sternum, 576 

bellow the cristospine. This feature was also observed in T. wellnhoferi (SMNK PAL 577 

1137; [5]). Despite being dorsoventrally compressed, the sternum appears to have been 578 

considerably convex in its ventral surface. The concave anterolateral margins of the 579 

sternal plate converge to contact the cristospine, which is comparatively as long 580 

anteroposteriorly as that of Tupuxuara (IMCF 1052), and longer than that in T. 581 

wellnhoferi (SMNK PAL 1137). The posterior margin of the sternal plate appears to be 582 

straight, similar to what is displayed by an indeterminate tapejarid (MN 6558-V). 583 

Tapejara wellnhoferi (SMNK PAL 1137) and Tupuxuara (IMCF 1052) present sternal 584 

plates with distinctly convex posterior margins. 585 

 586 
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Figure 10 – Tupandactylus navigans GP/2E 9266 sternum.  587 

3D model of sternum in ventral view (A); dorsal view (B); anterior view (C). 588 

Abbreviations: cs, cristospine; pf, pneumatic foramina. Scale bar = 20 mm. 589 

 590 

Appendicular skeleton and girdles 591 

Scapulocoracoids  592 

Both scapulocoracoids are present in GP/2E 9266, but the left one is better preserved (Fig. 593 

11). It lies in dorsal aspect close to the distal portion of the left hindlimb. The 594 

scapulocoracoids are single functional elements formed by the fusion of scapulae and 595 

coracoids without any sign of suture lines. A transverse fracture is visible on the proximal 596 

part of the coracoidal shaft in the left scapulocoracoid. This could not, however, represent 597 

a division line with the scapula, as articulation between scapula and coracoid occur 598 

dorsally so that both bones contribute to the glenoid fossa (see [38], Fig. 16). The scapula 599 

is considerably longer than the coracoid, what is a common feature among azhdarchoids 600 

(e.g. [42; 48]). It expands lateromedially close to the articulation with the coracoid, so 601 

that a round supraglenoid process is visible dorsal to the procoracoid in anterior view. 602 

Distal to this, the scapular shaft twist along its axis, which makes the scapular blade face 603 

laterally. This blade expands progressively towards its distal end, which is broken on the 604 

left element, but preserved on the right one, showing a flat articular surface for the 605 

notarium. The procoracoid is visible as a well-developed lateral bulge in both 606 

scapulocoracoids. The proximal portion of the coracoid expands ventrolaterally to form 607 

a deep coracoidal flange as in Pteranodon (e.g. YPM 2525; [40]). The indeterminate 608 

Crato Formation tapejarid (MN 6588-V) also presents a ventrolateral coracoidal flange, 609 

posterior to which a modest tubercle is visible as in GP/2E 9266. Thalassodromine 610 

tapejarids present much deeper coracoidal tubercles when compared with MN 6588-V, 611 



 

 

what can also be observed in other specimens (e.g. AMNH 22567 and MN 6566-V) [42; 612 

44]. The glenoid fossa is deep and lies between the developed scapular and coracoidal 613 

tubercles. 614 

 615 

Figure 11 – Tupandactylus navigans GP/2E 9266 left scapulocoracoid.  616 

3D model of left scapulocoracoid in dorsal view (A); ventral view (B). Abbreviations: 617 

cor, coracoid; crpr; coracoid process; glfo, glenoid fossa; sca, scapula; scpr, scapula 618 

process; sglpr, supraglenoid process; tu, coracoid tuberculum. Scale bar = 20 mm. 619 

 620 

Humerus 621 

The left humerus is exposed in dorsal view and dorsoventrally flattened, while the right 622 

element is preserved in anterior view, with its proximal portion still covered by rock 623 

matrix and by the left forelimb phalanges. The left humerus is divided in two slabs and is 624 

near complete, lacking some of its distal portion, while the right humerus (Fig. 12) is 625 

complete and relatively small when compared to what is observed in other azhdarchoids 626 

(hu/fe ~ 0.75) [49-50].  627 

 628 

Figure 12 – Tupandactylus navigans GP/2E 9266 right humerus.  629 

3D model of right humerus in dorsal view (A); ventral view (B); medial view (C); 630 

proximal view (D). Abbreviations: dpc, deltopectoral crest; ect, ectepicondyle; ent, 631 

entepicondyle; pf, pneumatic foramen. Scale bar = 10 mm. 632 

 633 
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Both deltopectoral crests remain covered by sediment and were also assessed through CT 634 

data. The crest is well developed and forms ~90º with the humeral shaft. The left 635 

deltopectoral crest is anteroposteriorly compressed and the right one is complete and 636 

unflatten, being twice as long as it is tall. This structure is slightly curved anteroventrally, 637 

as observed in T. wellnhoferi [5]. The right humeral head is broad and posteroventrally 638 

oriented, contrarily to the dorsal oriented caput of T. wellnhoferi [5]. A large subcircular 639 

pneumatic foramen is visible beneath the humeral head, on the dorsal margin of the bone, 640 

and another foramen is located ventrally, beneath the anterodorsal margin. The presence 641 

of both dorsal and ventral pneumatic foramina was observed in ornithocheiroids and T. 642 

wellnhoferi, but not in S. dongi and, thus far, other azhdarchoids [5; 35] or pteranodontids 643 

[51].  644 

The humeral shaft is straight and constricted medially, broadening to twice its width at 645 

its distal end, with an almost flat radioulnar articular surface. Its medial surface is not as 646 

anteroposteriorly compressed as it is in T. wellnhoferi, being similar to what is displayed 647 

by C. dobruskii, and relatively thinner than the condition in earlier pterodactyloids [4-5; 648 

42; 52].  649 

The entepicondyle expands distally and posteriorly, forming the wider dorsodistal margin 650 

of the humerus. This expansion is about as broad as the ectepicondyle and not as strongly 651 

projected as in pteranodontids [51]. The ectepicondyle is slightly expanded anteriorly as 652 

is seen in other azhdarchids [53].  653 

Distally, the ventral surface of the right humerus is flattened, while the dorsal surface is 654 

rounded, what gives a D-shaped aspect to the bone cross section. This pattern is 655 

characteristic of azhdarchoids, differing from the subtriangular-shaped condition of 656 

ornithocheirids [45; 51]. The radial condyle is wider and more spherical than the ulnar 657 



 

 

condyle. Both condyles are separated by a deep pneumatic foramen medially located at 658 

the distal surface of the humerus. 659 

Radius and Ulna 660 

The left radius and ulna are exposed in ventral view, with the mid/proximal portion of the 661 

ulna lying under the left humerus, while its mid/distal portion is partially covered by the 662 

right femur and tibia, and both are medially separated in different slabs. The right radius 663 

is preserved in anterior view, while the right ulna has its dorsal surface exposed. The ulna 664 

is slightly longer than the radius, both being longer than the humerus by 48% and 44%, 665 

respectively. Both ulna/humerus and radius/humerus length ratio are similar to S. dongi 666 

(49% and 42% longer than the humerus, respectively) [20]. 667 

Both radius and ulna are straight and gracile. The radius has over half the diameter of the 668 

ulna (0.60 of the ulnar shaft diameter). This characteristic is shared with other tapejarids 669 

whose radius are slightly over half of the ulnar width (0.57 for C. dobruskii CP.V 869, 670 

0.69 for Tupuxuara leonardii IMCF 1052) and is further wider in pteranodontids and 671 

archaeopterodactyloids (close to 0.7 and over 0.7, respectively) [4; 45]. Although 672 

compressed, the ulnae show a gentle, dorsally oriented distal curvature, as found in T. 673 

wellnhoferi [5; 54].  674 

The ulna has a ventrally expanded prominent articular tubercle at its distal end. In 675 

pteranodontids and ornithocheirids this tubercle is medially placed, while ventrally 676 

projected in other azhdarchoids and archaeopterodactyloids [51].   677 

Carpus and Metacarpus 678 

Two syncarpal bones, together with the paraxial carpal and the pteroid form the carpal 679 

complex. The left carpals (Fig. 13A and D) are exposed in anterior view, while the right 680 

carpals lie in posterior view, mostly covered by the right metacarpal IV. The proximal 681 



 

 

carpal is concave distally, with its midportion proximo-distally constricted and its medial 682 

region prominently expanded both proximally, as an articular facet for ulna, and distally, 683 

articulating with the distal carpal. Posteriorly the proximal carpal forms a deep ridge. The 684 

distal carpal is a massive, sub-triangular bone that is convex at its proximal part, with an 685 

anterior articular tubercle, and almost flat, with a sharp medial condyle, at its distal 686 

portion. 687 

 688 

Figure 13 – Tupandactylus navigans GP/2E 9266 forelimb elements.  689 

3D model of forelimb in dorsal view (A); distal left metacarpus IV in posterior view (B); 690 

proximal wing phalanx I in ventral view (C); carpal elements in anterior view (D); left 691 

manus (E). Abbreviations: car, carpus; d4, wing phalanxes; dco, dorsal condyle; dsyn, 692 

distal syncarpal; etps, extensor tendon process saddle; ft, flexor tubercle; hu, humerus; 693 

man, manus; mc, metacarpus; ms, medial sulcus; p, phalanxes; pacar, paraxial carpal; 694 

psyn, proximal syncarpal; pte, pteroid; rad, radius; sc, scapulocoracoid; ul, ulna; vco, 695 

ventral condyle; vct, ventral cotyle. Scale bar = 50 mm (A); 10 mm (B-E). 696 

 697 

The right pteroid (Fig. 13A and D) is very slender and long, reaching over ~0.50 of the 698 

ulnar length. Proximally, it has a noticeable posteriorly facing convexity, which gives a 699 

curved and slender rod-like shape to this bone, as in other specialized pterodactyloids, 700 

such as azhdarchoids, ornithocheirids and pteranodontids [51; 55].  701 

Left metacarpals I-III (Fig. 13E) are exposed, while right metacarpals I-III could only be 702 

accessed through CT-Scanning. They do not connect to the carpus, barely reaching the 703 

first half of metacarpal IV. This condition has been previously observed in pteranodontids 704 

and in other azhdarchoids, such as S. dongi, "H." corollatus and Quetzalcoatlus sp. [20; 705 
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35; 56]. Metacarpals I-III are very slender, rod-like bones, with an acute proximal end 706 

and a broad articular tubercle on the distal end. The left metacarpal IV (Fig. 12 B) is 707 

exposed in ventral view, whereas the right metacarpal IV (Fig. 13A) is in dorsal view and 708 

is a long and slender bone. It comprises 0.37 of the “inner wing length”, defined by the 709 

humerus, radius/ulna and metacarpal IV, and is relatively shorter than in "H." corollatus 710 

(0.44) (see [35]). The right metacarpal IV is longer than the humerus (1.46 of humeral 711 

length) and has virtually the same length as the ulna. Both proportions closely follow the 712 

condition displayed by T. wellnhoferi and other tapejarids but are relatively reduced when 713 

compared to azhdarchids (2.30 of humeral length in Quetzalcoatlus sp.). It is 0.57 of the 714 

first wing phalanx length. Ornithocheirids have the metacarpal IV measuring ~0.40 of the 715 

first wing phalanx, while apparently all known tapejarids are ~0.60 [57]. The right 716 

metacarpal IV is proximally broad, constricting to almost half its width distally. The 717 

anteroproximal end is sharp, with a concave cotyle forming the anterior articular surface 718 

of the metacarpal with the distal carpus. The proximal posterior end is rounded and forms 719 

the articular condyle. The distal end of the metacarpal IV is convex, with a steep anterior 720 

articular surface.  721 

Manual Digits 722 

All digits of the left manus are present and complete (Fig. 13A and E), following the 723 

phalangeal formula 2-3-4. The unguals preserve a keratinous soft-tissue outline. The 724 

abductor tubercle of the ungual of each digit is broad and round. The first phalanx of digit 725 

III has the unusual morphology described for T. wellnhoferi [5], in which the proximal 726 

margin is formed by two proximal condyles separated by a large sulcus. This phalanx is 727 

the longest and broadest among the first three digits. This condition differs from that of 728 

T. wellnhoferi, in which the longest phalanx is that of digit I. Distally, the first phalanx of 729 

digits II and III are expanded posteriorly, with a flat articular surface.  730 



 

 

The manual unguals are broad, present a strong distal curvature and have over twice the 731 

length of the pedal unguals. Most other pterodactyloids are similar in this respect, with 732 

the exception of T. wellnhoferi, whose manual unguals are less than twice as long as pedal 733 

unguals. The unguals articulate with the double distal tubercles of the pre-unguals 734 

phalanges, with a broad and round flexor tubercle. A deep medial sulcus crosses the 735 

unguals from the distal tip to the proximal end, as noted in other tapejarids (e.g. SMNK 736 

PAL 1137).  737 

The left first wing phalanx is partially broken at its proximal end, whereas the right one 738 

(Fig. 13A and C) is complete and was preserved with its dorsal side facing upwards. The 739 

right first wing phalanx is 2.5 the length of humerus, as in other tapejarids (Eck et al., 740 

2011). Medially, the shaft bows slightly and is anteroposteriorly constricted, with a small 741 

round expansion at its distal end. A small pneumatic foramen lies beneath the dorsal 742 

cotyle, at the anterior-proximal end, as in several other pterodactyloids [5; 51; 58]. The 743 

prominent extensor tendon process forms a posteriorly oriented hook and is totally fused 744 

to the proximal region of the bone.  745 

The second (Fig. 13A) and third wing phalanges (Fig. 13A) bear proximal and distal 746 

articular expansions as those of the first wing phalanx. The second wing phalanx is 0.61 747 

of the first wing phalanx length, with virtually the same length of the ulna. In other 748 

tapejarids such as T. wellnhoferi and C. dobruskii, the second and first wing phalanx ratios 749 

are higher (second wing phalanx length/first wing phalanx length = 0.84 and 0.91, 750 

respectively), but much smaller in azhdarchids (e.g. 0.50 in Quetzalcoatlus sp.). When 751 

comparing the third wing phalanx with the first one, the ratio moves even wider apart. 752 

The right third phalanx is ventrodorsally compressed to a third of the anteroposterior 753 

width and is 0.38 the length of the first wing phalanx (0.65 in T. wellnhoferi, 0.96 in C. 754 



 

 

dobruskii and 0.29 in Quetzalcoatlus sp.). The fourth wing phalanx (Fig. 12A) is the 755 

shortest, being mainly featureless.  756 

Pelvis 757 

The pelvis (Fig. 9A-C; 9E) is exposed in left lateral view and is almost complete, lacking 758 

only the prepubis and some minor parts of the postacetabular process of the pubis. No 759 

suture lines between individual elements can be discernible, which is sometimes used as 760 

a proxy for ontogenetic maturity [59-62]. The preacetabular process of the ilium is very 761 

long and machete-shaped, displaying in lateral view its wider surface that faces dorsally 762 

in most pterosaurs (e.g. [60-61]). As such, it is likely that lateral compression caused this 763 

projection to rotate laterally along its main axis, so that GP/2E 9266 exposes the dorsal 764 

surface of the process in lateral view. The margin directed dorsally (presumably the 765 

medial margin of the preacetabular process) is slightly concave, running almost parallel 766 

to the main axis of the sacral vertebral series. In contrast, the margin directed ventrally 767 

(assumed to be the lateral one) is shaped as a moderately strong convexity. If the 768 

preacetabular process of the ilium indeed rotated laterally, it strongly resembles that of T. 769 

wellnhoferi (SMNK PAL 1137; [5]). Both margins of this process converge anteriorly to 770 

form a pointed tip. Its ventral margin thickens into a crest that dorsally limits a concave 771 

anterior flange of the pubis where the suture line between the pubis and the ilium would 772 

probably be located.  773 

The ilium expands posteriorly to form a fan-shaped postacetabular process with a 774 

constricted base and a very convex posterodorsal margin that terminates in a thick, 775 

anteriorly expanded ridge. Although a fan-shaped postacetabular process with a 776 

constricted shaft is also present in some isolate archaeopterodactyloids (e.g. 777 

Pterodactylus), the condition displayed by GP/2E 9266 appears to be restricted to 778 

azhdarchoids and is present, for instance, in T. wellnhoferi (SMNK PAL 1137; [5]) and 779 



 

 

in an indeterminate tapejarid (MN 6588-V). The acetabulum is partially filled with rock 780 

matrix and comprises a wide oval aperture anterodorsally delimited by a moderately thick 781 

ridge. The pubis is a short, blunt and anteroventrally directed element that connects 782 

posteriorly with the ischium to form the ischiopubic plate. This latter appears not to have 783 

reached its maximum development as its ventral margin is concave and the pubis stands 784 

out as an individualized element. As pointed out by [62-63], the ischiopubic plate 785 

formation occurs in late ontogeny. The obturator foramen is wide and oval, with its long 786 

axis running anteroposteriorly. It opens ventrally to the acetabulum, in a similar position 787 

to that displayed by the specimen MN 6599-V. 788 

Femur 789 

Both femora are present, with the left element exposed in posterior view, and the right 790 

one (Fig. 14A-C) in dorsal view. These elements are ~1.28 the length of humerus, and 791 

although this ratio is featured by most azhdarchoids, the femora are almost the same size 792 

as humerus (1.01) in C. dobruskii and is disparate in azhdarchids such as Zhejiangopterus 793 

linhaiensis (1.48) [4; 35; 64-65]. 794 

 795 

Figure 14 – Tupandactylus navigans GP/2E 9266 hindlimb elements.  796 

3D model of right femur in anterior view (A); medial view (B); proximal region in medio-797 

posterior view (C); left tibia and fibula in anterior view (D); left pes (E). Abbreviations: 798 

ast, astragalus; cal, calcaneum; dta, distal tarsus; fb, fibula; gtr, great trochanter; h, 799 

femoral head; ms, medial sulcus; mt, metatarsus; p, phalanxes; pf, pneumatic foramen; 800 

tb, tibia. Scale bar = 20 mm (A-D); 10 mm (E). 801 

 802 

Вычеркивание

Вставить текст
are

Вычеркивание

Вставить текст
g



 

 

The femoral head (assessed by CT data) forms a 134º angle with the shaft, a similar 803 

condition to the majority of pterosaurs excepting pteranodontids and ornithocheirids [64; 804 

66-67]. The femoral neck is constricted medially, and the round caput is prominent, as it 805 

is in other azhdarchoids and pteranodontids [51]. The great trochanter is subtriangular 806 

shaped and bears a proximal expansion, but lacks the anterior expansion found in other 807 

azhdarchoids such as Quetzalcoatlus and T. leonardii. The lateral trochanter expands 808 

distally, forming a round convexity near the fourth trochanter. A small pneumatic 809 

foramen lies between the greater trochanter and the femoral neck.  810 

The shaft bows posteriorly on lateral view but is straight at its anterior and posterior 811 

views. As noted for other azhdarchoids, the fibular condyle expands posterodorsally and 812 

comprises most of the distal expansion of femur. The distal intercondylar fossa is 813 

prominent as in T. wellnhoferi and thalassodromine tapejarids [5; 42].  814 

Tibia and Fibula 815 

Both tibiae are exposed in anterior view (Fig. 14D). They are gracile bones, being 816 

approximately 50% longer than the femur (1.49 the femoral length). Elongated tibiae are 817 

present in other azhdarchoids, but not to the same extent as in dsungaripterids such as 818 

Noripterus complicidens (GIN125/1010; over 1.7) [68].  819 

The tibia is proximally twice as broad as it is distally, with a very prominent proximal 820 

tubercle that is absent in thalassodromine tapejarids. The articular surface of tibia is 821 

flattened as in other tapejarids, what differs from the rounded surface of ornithocheirids 822 

[42]. The left fibula is reduced to less half the length of the tibia (0.39), a ratio just a little 823 

below other tapejarine tapejarids (e.g. 0.49 in T. wellnhoferi), but proportionally longer 824 

than in azhdarchids and dsungaripterids (0.16 in Quetzalcoatlus and 0.22 in N. 825 

complicidens). There is a small round expansion at the proximal end of the fibulae where 826 

two distal condyles are separated by a deep fossa. 827 



 

 

Tarsals and metatarsals  828 

The proximal tarsals (Fig. 14E) are formed by the calcaneum and astragalus. The former 829 

is flattened dorsoventrally, with an overall rectangular shape. The astragalus is concave 830 

posteriorly and convex anteriorly, being half-moon shaped, as in other tapejarids (such as 831 

S. atavismus and T. wellnhoferi; [5-6]). Two distal tarsals are present, the left one being 832 

longer (10.2 mm) than the right one (6.2 mm). The left distal tarsal is rectangular shaped, 833 

whereas the right distal tarsal is sub-triangular. All metatarsals are similar in length and 834 

width.  835 

Pes 836 

As in all later-diverging pterodactyloids, there are only four pedal digits. Right 837 

metatarsals preserve their distal portion, with the fourth metatarsal being relatively shorter 838 

than the first three ones. The phalanges are thin and elongated, with phalangeal formula 839 

“2-3-3-4-0” (Fig. 13E). Pedal unguals are shorter (10.7-14.1 mm long) than manual 840 

unguals (24.5-27.3 mm long), but present the same mediolateral sulcus, broad and 841 

rounded flexor tubercles and a distal ventral curvature. 842 

Phylogenetic analysis 843 

The phylogenetic analysis recovered 132 MTPs of 371 steps each, CI = 0.613 and RI = 844 

0.867 (Fig. 15). The results show the same recovered topology of [14]. GP/2E 9266 was 845 

recovered as a member of the clade Tapejarinae, along a polytomy with T. wellnhoferi, 846 

T. imperator, E. olcadesorum, and C. dobruskii. This clade is supported by one 847 

unambiguous synapomorphy [deep, broad in lateral view ossified dentary sagittal crest 848 

(84)]. Tupandactylus navigans possesses two autapomorphies [presence of a notarium 849 

(113); humeral length less than 80% of femoral length (127)].  850 
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Figure 15 – Phylogenetic analysis using the character matrix of [14]. 852 

Strict-consensus tree recovered from the phylogenetic analysis. Bremer support (> 1) is 853 

found over the nodes, and bootstrap (> 50) under the nodes. 854 

 855 

Discussion 856 

Ontogeny of GP/2E 9266 and new information on Tupandactylus navigans anatomy 857 

Specimen GP/2E 9266 (Fig. 16) is the most complete Brazilian tapejarid described thus 858 

far. Although Tapejara wellnhoferi and Caiuajara dobruskii are known from several 859 

individuals, no single specimen preserved the skeleton to the same degree as GP/2E 9266. 860 

The new material presents all the diagnostic characteristics of T. navigans, namely a 861 

striated premaxillary crest, a perpendicular supra premaxillary bony process, and a short 862 

parietal crest [8]. In addition, previously unrecorded diagnostic features distinguish T. 863 

navigans from other tapejarine pterosaurs, such as pterygoids laterally visible (also 864 

observed in T. leonardii and T. sethi), deep, blade-shaped dentary crest (dentary crest 865 

height/mandibular ramus height (DCH/MRH) ratio = 5.3) with a subvertical posterior 866 

margin, cervical postzygapophyses displaying lateral longitudinal, presence of a notarium 867 

and manual unguals over twice the size of pedal unguals. This is also the first time some 868 

features are reported for the Tapejarinae, such as the fusion of the atlas-axis complex 869 

(which is probably ontogenetically controlled), presence of a synsacral supraneural plate 870 

(absent in V. daisymorrisae), and metacarpal IV articulating with carpal, with metacarpals 871 

I-III only reaching the first half of metacarpal IV. The presence of both dorsal and ventral 872 

foramina in the humeri of GP/2E 9266 is also worth noting. This feature was described 873 

as autapomorphic for T. wellnhoferi [5] but can be a synapomorphy of Tapejarinae. 874 
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Figure 16 – Skeletal reconstruction of Tupandactylus navigans specimen GP/2E 876 

9266.  877 

Skeletal reconstruction recovered with the segmentation of all bony elements of specimen 878 

GP/2E 9266. Scale bar = 50 mm. 879 

 880 

The fusion of the premaxillomaxilla is reported even for immature pterodactyloid 881 

specimens, demonstrating that it occurred early in ontogeny [39]. Some other osteological 882 

features, however, apparently suggest an advanced ontogenetic stage for GP/2E 9266, 883 

such as the fusion of the extensor tendon process [58; 62; 69-71] and anterior dorsal 884 

vertebrae fused into a notarium. Notarium development of the new specimen fits state 885 

SN4 of [72]. According to these authors, stage SN4 is the peak of notarium fusion in 886 

azhdarchoids, although new specimens with preserved notaria might show further 887 

development of this structure. In GP/2E 9266, the unfused tibiotarsus is the single skeletal 888 

feature arguing for a not fully mature ontogenetic stage [73] but, as tapejarid ontogeny is 889 

not fully understood, it is still unclear how T. navigans fits ontogenetic models created 890 

based on distinct pterosaur taxa.  As such, the integration of all those proxies for 891 

individual maturity indicates that GP/2E 9266 was almost fully developed at the time of 892 

death. 893 

T. navigans vs. T. imperator  894 

When first described, T. navigans was differed from T. imperator based on the 895 

perpendicularly oriented sagittal crest and the absence of a posterior expansion of the 896 

parietal crest [8]. The new material furthers differentiates the two species, and this cannot 897 

be explained by taphonomy or ontogeny: specimens from both show similar preservation 898 

and presumably belonged to mature individuals. Here we show that, in addition to the 899 

features above, T. navigans and T. imperator also differ in characters such as the dentary 900 



 

 

crest, proportionally larger in T. navigans. Additionally, in T. imperator (CPCA 3590) 901 

the dentary crest is steeper anteriorly, whereas in T. navigans (GP/2E 9266) the posterior 902 

margin of the crest is steeper. Known specimens of T. navigans are smaller than those of 903 

T. imperator, and the skull proportions vary between both taxa (length-height ratio of 3.2 904 

in GP/2E 9266 and 3.6 for T. imperator). It is worth mentioning that for the holotype 905 

SMNK PAL 2344, whose skull is relatively longer than GP/2E 9266, the length-height 906 

ratio is 2.5 (as noted in [9]).  907 

These differences, however, do not eliminate the possibility of sexual dimorphism. Both 908 

the sagittal and dentary crests might have worked as mating displays, what is arguable for 909 

pterosaur species evidencing strong allometric growth or definite crest-related sexual 910 

dimorphism (e.g. [4; 69; 74-75]). If T. navigans and T. imperator are indeed two 911 

independent morphotypes of a single, sexually dimorphic species, mutual sexual selection 912 

is not discarded. This hypothesis, however, may only be tested through the discovery of 913 

additional specimens of both T. navigans and T. imperator.   914 

Non-ossified tissue 915 

 916 

A peculiarity of rhamphotheca in GP/2E 9266 is the gap it forms between the 917 

premaxillary and dentaryx. This gap prevents total occlusion of T. navigans jaws, what 918 

could be related to a particular feeding strategy. The presence of a presumably keratinous 919 

rhamphotheca covering the anterior rostrum of edentulous pterosaurs was widely 920 

reported. Analogously to birds, this structure has been associated with energy storage and 921 

absorption of transmitted loads to the bone during the bite, what may be related to the 922 

lack of teeth [76]. In pterosaurs such as T. navigans, the rhamphotheca could have been 923 

a hook-like structure operating as a peg to catch or to manipulate small food items [76].  924 

Записка
Really? What new information additional specimens could add to solve this question? If you have in the same locality two ptwrosaur morphs which mature individuals differ only in size and development of bony crests - these are sexual morphs. This interpretation should be accepted and no need to wait for additional specimens.



 

 

The soft-tissue sagittal crest of GP/2E 9266 (Fig. 5) is almost completely preserved, with 925 

only the apical region either missing or embedded in the sediment. Therefore, GP/2E 926 

9266 possesses the most complete soft-tissue sagittal crest among tapejarines. The convex 927 

posterior margin of the crest displayed by the new specimen was suggested for T. 928 

imperator (CPCA 3590, [9]) and for T. navigans holotype [8]. As in CPCA 3590, 929 

differential color patterns in the soft-tissue crest may be related to oxidation. A thorough 930 

study of soft-tissue preservation in GP/2E 9266 applying UV-light and SEM is already 931 

underway. 932 

Implications to flight and terrestrial foraging capabilities 933 

The presence of a notarium in GP/2E 9266 is a novel feature for tapejarines. This structure 934 

was not observed in C. dobruskii, a pterosaur species from which a presumably complete 935 

ontogenetic series is known. The fusion of the first dorsal vertebrae into a notarium 936 

allowed for bending and torsion resistance, which helped pterosaur active flight [50]. 937 

Also, GP/2E 9266 displays a deltopectoral crest forming a broad surface for muscle 938 

anchorage, which probably allowed burst flight. The long fourth metacarpal and slender 939 

hindlimbs would have made a standing quadrupedal takeoff feasible [50; 77]. Ultimately, 940 

wing phalanges length compared to the inner-wing length in GP/2E 9266 is comparatively 941 

short. As such, the characteristic forelimb hypertrophy of specialized pterodactyloids is 942 

only moderately present in T. navigans [38; 57; 78]. In addition to the long cervical series, 943 

these features may indicate a terrestrial stalking lifestyle, similar to what was suggested 944 

for azhdarchids [65; 79], albeit also arguing for a seemingly good takeoff capability. The 945 

influence of the sagittal crest in both flight and terrestrial capabilities, however, requires 946 

further studies. [8] argued that, to have a functional aerodynamic crest, T. navigans should 947 

have had a short neck or tendon locks on its cervical vertebrae. Neither are observed in 948 

GP/2E 9266, in which the cervical series comprises over 55% of the total axial length 949 



 

 

(317 mm x 564 mm of the total length), and no ossified tendons are visible in pre-notarial 950 

vertebrae. This could indicate that the aberrant crest may have restricted T. navigans to 951 

short-distance flights, such as to flee from predators.  952 

MN 6588-V as Tupandactylus 953 

[48] assigned specimen MN 6588-V to Tapejaridae mainly based on the presence of a 954 

tuberculum at the ventroposterior margin of the coracoid. The overall morphology of MN 955 

6588-V closely resembles GP/2E 9266 in both proportion and shape.  MN 6588-V differs 956 

from GP/2E 9266, however, in two main aspects: the number of fused notarial vertebra 957 

and the number of vertebrae in both dorsal and sacral series. MN 6588-V notarium is 958 

composed by the first four dorsal vertebrae, whereas in GP/2E 9266 it is composed of 959 

five elements. This difference, however, may be related to ontogeny, with MN 6588-V 960 

representing an earlier stage of notarial development (SN3 of [72]). MN 6588-V dorsal 961 

and sacral vertebral counts are 11 and 7, respectively, against 10 and 5, respectively, in 962 

GP/2E 9266. The preserved axial series is also relatively longer in MN 6588-V (dorsal 963 

series length = 178.5 mm, against 134.2 in GP/2E 9266). These features argue for a 964 

Tupandactylus affinity, but due to the abovementioned differences, this specimen may 965 

represent T. imperator rather than T. navigans. If MN 6588-V is indeed a T. imperator 966 

(what could only be tested through the description of further specimens), the hypothesis 967 

of T. imperator and T. navigans being separate taxa would strengthen.  968 

Conclusion 969 

The specimen we describe is the most complete articulated tapejarid skeleton thus far 970 

recovered in Brazil. The premaxillary crest shape, dentary crest proportions and shape, as 971 

well as axial and appendicular skeletal anatomy (including the presence of a notarium) 972 

are novel features observed in GP/2E 9266, and an emended diagnosis is here proposed 973 



 

 

for Tupandactylus navigans. Dentary crest morphology differs from all other tapejarids 974 

and further strengthens T. navigans as distinct from Tupandactylus imperator. This work 975 

is, however, inconclusive with regard to sexual dimorphism as a hypothesis to explain 976 

similarities between T. navigans and T. imperator. Specimen MN 6588-V is regarded 977 

here as Tupandactylus sp., despite being distinct from T. navigans in some minor 978 

characters. 979 

Axial and limb proportions of the new specimen are indicative of a terrestrial stalking 980 

habit for T. navigans, but the influence of the sagittal crest in the ecology of T. navigans 981 

is still unresolved. The new specimen considerably improves our understanding of 982 

tapejarid anatomy, taxonomy and ecomorphology. 983 
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